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EXTINCTION  STUDIES  OF  POLYFLUOROPROPANES  AND  HALONS  IN 
METHANE/AIR  AND  PROPANE/AIR  COUNTERFLOW  DIFFUSION  FLAMES 


BACKGROUND 

Polyfluoropropanes  are  being  developed  as  replacements  for  bromine-  and  chlorine- 
containing  firefighting  agents  which  deplete  stratospheric  ozone.  These  hydrofluorocarbons 
contain  no  chlorine,  bromine,  or  iodine,  and  therefore  have  negligible  ozone  depletion  potential. 
They  do,  however,  have  appreciable  infrared  absorption,  and  thus  can  be  significant  global 
warming  agents  depending  on  their  atmospheric  lifetime. 

1,1,1,2,3,3,3-heptafluoropropane  (HFC-227ea,  Great  Lakes  FM-200™)  will  be  used  on 
the  next  class  of  U.S.  Navy  ships  (LPD-17).  1,1,1,3,3,3-hexafluoropropane  (HFC-236fa,  Dupont 
FE-36™)  and  perfluoropropane  (FC-218,  3M  CEA-308'™)  are  also  marketed  as  firefighting 
agents.  All  of  these  agents  are  less  efficient  than  Halon  1301  (CFjBr),  in  terms  of  the  volume  and 
weight  of  agent  required  to  provide  protection  for  a  given  space.  This  increase  in  the  size  and 
weight  of  the  fire  protection  system  is  undesirable  in  a  shipboard  application.  While  it  is  feasible 
to  allow  for  increased  fire  protection  system  space  and  weight  in  newly  constructed  ships,  such 
requirements  rule  out  usage  as  a  back  fit  halon  replacement  in  most  cases.  There  exists  a  need  to 
find  improved,  environmentally  fiiendly  agents.  The  present  study  compares  the  suppression 
effectiveness  of  a  number  of  fluoropropane  and  halon  agents.  The  goals  of  this  study  are  to 
identify  chemical  structures  leading  to  efficient  fire  suppression,  and  to  use  this  knowledge  to 
propose  new,  more  efficient  agents. 

Fire  suppression  occurs  by  a  combination  of  physical  (primarily  heat  capacity)  and 
chemical  (reduction  of  radicals  important  in  flame  propagation)  mechanisms.  Agents  such  as 
water  and  carbon  dioxide  which  are  chemically  inert  in  flame  environments  are  purely  physical  in 
their  suppression  mechanism.  The  suppression  effectiveness  of  CFjBr  has  been  identified  as  being 
principally  due  to  catalytic  scavenging  of  flame  radicals  by  the  bromine  atom  [1].  To  a  lesser 
extent,  the  relatively  high  heat  capacity  of  Halon  1301  also  contributes  to  suppression,  and  the 
CFj  group  also  contributes  some  chemical  suppression  [2,3],  The  hydrofluorocarbons’  lack  of 
bromine  accounts  for  their  lower  suppression  effectiveness.  The  fire  suppression  of  fluorinated 
propanes  is  due  to  their  heat  capacity  and  chemical  suppression  by  fluorine. 


Manuscript  approved  May  8,  1997. 
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PRESENT  STUDY 


We  have  tested  eight  polyfluoropropanes  (all  containing  at  least  five  fluorine  atoms)  in 
both  methane/air  and  propane/air  counterflow  diffusion  flames.  The  compounds  tested  are  listed 
in  Table  I.  They  include  octafluoropropane,  the  two  isomers  of  heptafluoropropane,  three  of  the 
four  isomers  of  hexafluoropropane,  and  two  of  the  five  isomers  of  pentafluoropropane.  As  a 
general  rule,  hydrofluorocarbons  tend  to  be  flammable  unless  they  contain  more  fluorine  atoms 
than  hydrogen  atoms.  Therefore  only  fluoropropanes  containing  at  least  five  fluorine  atoms  are 
likely  to  be  useful  extinguishment  agents.  It  has  been  previously  noted  that  the  presence  of  CF3 
groups  is  significant  in  chemical  inhibition  by  fluorocarbons  [2,3].  Of  the  compounds  tested,  three 
have  CF3  groups  on  both  ends  of  the  molecule,  four  have  one  CF3  group,  and  one  (HFC-245ca) 
has  no  CF3  groups. 


Table  I:  Fluoropropanes  Tested  in  Present  Study 


Name 

Trade  name 

HFC# 

CAS# 

Structure 

octafluoropropane 

CEA-308  (3M) 

218 

76-19-7 

CF3CF2CF3 

1,1,1,2,2,3,3-heptafluoropropane 

227ca 

2252-84-8 

CF3CF2CHF2 

1,1,1 ,2,3,3,3-heptafluoropropane 

FM-200  (Great 
Lakes) 

227ea 

431-89-0 

CF3CHFCF3 

1,1,1 ,2,2,3-hexafluoropropane 

236cb 

677-56-5 

CF3CF2CH2F 

1,1,1 ,2,3,3-hexafluoropropane 

236ea 

431-63-0 

CF3CHFCHF2 

1,1, 1 ,3 ,3,3-hexafluoropropane 

FE-36  (Dupont) 

236fa 

690-39-1 

CF3CH2CF3 

1 , 1 ,2,2,3-pentafluoropropane 

245ca 

679-86-7 

CHF2CF2CH2F 

1,1,1 ,2,2-pentafluoropropane 

245cb 

1814-88-6 

CF3CF2CH3 

The  heat  capacities  of  hydrofluorocarbons  tend  to  increase  with  each  additional  fluorine 
atom,  due  to  the  C-F  stretching  frequencies  becoming  equipartitioned  at  a  lower  temperature. 
Our  calibration  procedure  for  the  mass  flow  meter  gave  relative  values  for  the  heat  capacities  of 
the  different  agents.  We  found  that  the  heat  capacities  at  room  temperature  increased  by  roughly 
5%  for  each  fluorine  atom.  Among  different  isomers  having  the  same  chemical  formula, 
differences  in  heat  capacity  were  within  the  calibration  uncertainty  of  ±»2%.  Differences  in 
observed  suppression  efficiency  among  different  agents,  particularly  between  isomers,  are 
therefore  indicative  of  chemical  rather  than  physical  suppression. 

For  comparison,  four  halons  containing  bromine  or  iodine  were  also  tested  in  the 
propane/air  flame.  These  include  CF3Br  (Halon  1301,  BFC-13B1),  CF3I  (Halon  13001,  FIC- 
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1311),  CHFjBr  (Halon  1201,  HBFC-22B1,  Great  Lakes  FM-100™),  and  CFjClBr  (Halon  1211, 
BCFC-12B1).  Two  of  these  agents  contain  a  CFj  group. 

The  selected  agents  were  tested  in  a  counterflow  diffusion  burner.  The  burner  consists  of 
two  tubes  1  cm  in  diameter  pointed  towards  one  another  through  which  the  fuel  and  air  flow 
[4,5].  The  ends  of  the  two  tubes  are  aligned  and  are  separated  by  1  cm.  A  diffusion  flame  can  be 
stabilized  in  the  mixing  region  between  the  two  tube  exits.  The  position  of  the  flame  can  be 
adjusted  by  changing  the  relative  gas  flow  velocities  through  the  two  tubes.  For  fiiel/air  flames, 
the  flame  zone  generally  appears  on  the  air  side  of  the  stagnation  plane,  the  position  where  the 
axial  velocity  component  is  zero.  Each  tube  has  a  surrounding  collinear  tube  in  which  a  shroud 
flow  of  inert  gas  can  be  introduced,  although  no  shroud  flow  was  used  in  the  present  study. 
Velocimetry  measurements  of  the  axial  velocity  as  a  function  of  radial  position  near  the  tube  exit 
shows  that  the  velocity  profile  is  nearly  parabolic: 

v.(r)  =  Vo(lW)  (1) 

where  Vq  is  the  velocity  along  the  centerline  at  the  tube  exit,  r  is  the  radial  position,  and  a  is  the 
tube  diameter. 

As  the  flow  rates  of  fuel  and  air  are  increased,  the  flame  will  extinguish  when  the  flow 
velocities  of  the  gases  become  so  large  that  the  flame  is  unable  to  maintain  a  steady  position  (i.e., 
the  flame  is  blown  out).  This  extinction  condition  can  be  quantified  in  terms  of  the  extinction 
strain  rate,  meaning  the  maximum  velocity  gradient  along  the  tube  centerline  on  the  air  side  of  the 
flame  at  the  point  of  extinction.  The  strain  rate  is  typically  specified  along  the  air  side  in  order  to 
facilitate  comparisons  between  flames  of  fuels  with  different  molecular  masses.  Determination  of 
the  strain  rate  requires  measurement  of  the  gas  velocity  field  by  a  technique  such  as  laser-Doppler 
anemometry.  The  extinction  condition  can  also  be  quantified  in  terms  of  the  extinction  flow  rate, 
although  this  value  will  be  dependent  on  the  geometry  of  the  experimental  apparatus,  whereas  the 
extinction  strain  rate  is  a  fundamental  property  of  a  given  fuel/oxidizer  system  and  is  apparatus- 
independent. 

We  have  previously  performed  laser-Doppler  anemometry  measurements  of  methane/air 
flames,  both  uninhibited  and  inhibited  by  CF4  and  CHF3  [5].  The  value  obtained  for  the  extinction 
strain  rate  of  the  uninhibited  methane/air  flame  (405±25  s'*)  is  in  good  agreement  with  the  values 
reported  by  other  researchers.  We  have  also  shown  that  in  our  apparatus,  the  strain  rate  is  nearly 
proportional  to  the  air  stream  flow  rate.  Since  the  latter  quantity  can  be  measured  much  more 
easily,  we  report  here  extinction  in  terms  of  the  flow  rate.  This  is  sufficient  for  comparisons 
between  different  agents  in  the  same  experimental  apparatus. 

When  an  agent  is  added  to  the  flame,  the  extinction  flow  rate  (and  strain  rate)  decreases  to 
a  lower  value.  Plotting  the  changes  in  the  extinction  flow  rate  as  a  function  of  the  agent 
concentration  gives  a  picture  of  the  agent’s  performance.  The  more  effective  the  agent,  the 
greater  the  drop  in  extinction  flow  rate  for  a  given  concentration  of  agent.  Using  a  counterflow 
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burner,  one  can  study  extinction  for  a  variety  of  strain  rates  and  agent  concentrations.  At  the 
lowest  flow  rates,  the  counterflow  extinction  concentrations  can  be  compared  to  cup  burner 
values.  Although  the  strain  rate  can  be  varied  in  a  cup  burner,  it  is  always  so  low  that  it  does  not 
contribute  significantly  to  extinction,  and  one  measures  an  extinction  concentration  based  on  the 
effect  of  the  agent  alone. 

The  five  hepta-  and  hexafluoro  agents  were  also  tested  in  a  cup  burner  with  n-heptane 
fuel,  and  three  agents  (HFC-227ea,  HFC-236fa,  and  HFC-236ea)  were  tested  in  the  cup  burner 
with  methanol  fuel.  The  purpose  of  these  tests  was  to  make  the  same  isomeric  comparisons  in  the 
cup  burner  as  in  the  counterflow  burner,  and  to  determine  if  the  same  trends  were  evident.  The 
methanol  fuel  was  tested  as  well  as  the  n-heptane  because  methanol  is  a  major  fire  threat  in 
shipboard  flammable  liquid  storage  rooms  (FLSR).  Methanol  fires  have  been  previously  observed 
to  require  much  higher  concentrations  of  agent  to  extinguish  than  do  fires  of  n-heptane,  so  the 
presence  of  methanol  may  dictate  the  design  concentration  of  agent  required  to  provide  protection 
for  an  FLSR.  Fuels  such  as  JP-5  and  JP-8  are  similar  to  n-heptane  in  their  extinguishment 
characteristics. 


EXPERIMENTAL  PROCEDURE 

For  flames  of  methane/mr,  the  fuel  flow  (typically  1-5  liters/minute)  entered  the  flame 
region  through  the  top  tube,  while  the  air  (typically  0.5-3  liters/minute)  entered  through  the 
bottom  tube.  A  flow  of  nitrogen  (10-15  liters/minute)  was  added  to  the  combustion  chamber  to 
prevent  unbumt  fuel  in  the  exhaust  gas  from  igniting  upon  entering  the  fume  hood.  For  pro¬ 
pane/air  flames,  running  the  burner  in  the  same  configuration  produced  a  flame  which  was  rather 
unstable,  since  propane  is  heavier  than  air.  Because  of  this  buoyancy  instability,  the  propane 
flame  was  run  in  all  the  tests  reported  here  with  the  air  entering  through  the  top  tube,  and  the  fuel 
through  the  bottom.  In  all  tests,  agents  were  added  to  the  air  stream.  This  mode  of  application 
most  closely  resembles  the  application  of  a  total  flooding  agent  in  a  fire  situation,  in  which  the 
agent  will  be  introduced  into  the  room  air  in  a  certain  concentration  and  the  fuel  is  burning  as  a 
diffusion  flame. 

The  flow  rates  of  fiiel,  air,  and  agent  were  monitored  by  mass  flow  controllers  (Sierra 
Instruments)  which  were  calibrated  by  a  piston  flowmeter  (Dry-Cal,  Bios  International).  The 
stated  accuracy  of  the  flow  controllers  is  ±1%  of  full  scale.  The  minimum  flow  rate  at  which 
extinction  could  be  studied  was  dictated  by  the  precision  of  the  flow  controllers.  The  calibration 
tests  of  the  flow  controllers  provided  relative  values  for  the  room  temperature  heat  capacities  of 
the  different  agents.  For  the  fluoropropanes,  heat  capacities  increase  by  some  5%  for  each 
fluorine  atom  substitution  (i.e.,  the  HFC-227s  have  about  5%  higher  heat  capacities  than  the 
HFC-236s).  Different  isomers  of  the  same  chemical  formula  have  identical  heat  capacities  within 
the  uncertainty  of  the  calibration. 
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The  agents  were  obtained  from  the  following  suppliers:  FC-218  and  CFjBr,  Matheson; 
HFC-227ea,  Great  Lakes;  HFC-236fa  and  HFC-236ea,  Dupont;  CHFjBr,  Halocarbon  Corp;  CFjI, 
Flura  Corp.  The  remaining  agents  were  from  PCR.  The  stated  purity  of  the  agents  was  at  least 
97%;  they  were  used  without  further  purification.  All  agents  were  used  “neat”  with  the  exception 
of  HFC-245ca.  Since  this  compound  has  a  boiling  point  near  room  temperature,  it  was  mixed 
with  air  in  a  1:3  ratio  in  order  to  provide  a  sufficient  backing  pressure  to  provide  a  stable  flow. 

The  flame  was  lit  by  a  retractable  spark  ignitor  with  only  fuel  and  air  flowing.  For 
extinguishment  tests  of  the  uninhibited  flame,  the  fuel  and  air  flow  rates  were  slowly  increased. 

The  relative  flows  of  fuel  and  air  were  adjusted  so  that  the  visible  flame  zone  was  maintained 
midway  between  the  two  tubes.  Since  the  overall  stoichiometry  of  the  fuel  +  air  flow  is  fuel  rich, 
the  flame  zone  is  located  slightly  to  the  air  side  of  the  stagnation  plane  (the  location  where  the 
axial  velocity  is  zero).  The  flow  rates  were  increased  at  intervals  of  0.4%  of  full  scale  (the 
minimum  adjustment  interval  for  the  flow  meters)  at  intervals  of 20-40  seconds,  until  the  flame 
extinguished.  For  the  inhibited  flames,  the  flow  rates  of  fuel  and  air  were  generally  kept  constant, 
and  the  flow  rate  of  the  agent  was  increased  until  the  flame  extinguished.  As  the  flow  rate  of  the 
agent  increased,  small  adjustments  were  made  to  the  fuel  and  air  flows  to  keep  the  flame  midway 
between  the  tubes.  Increases  to  the  agent  were  made  at  intervals  of  30-60  seconds,  depending  on 
the  overall  flow  rate,  in  order  to  allow  the  concentration  of  agent  in  the  flame  to  reach  equilibrium 
between  adjustments. 

The  methane/air  flame  produced  a  fairly  flat  flame  wth  little  curvature.  The  flame  went 
out  completely  in  all  extinction  studies,  with  the  exception  of  some  tests  with  the  HFC-245 
isomers  at  high  concentrations,  where  an  annular  flame  formed  (see  below).  Propane/air  flames 
had  a  pronounced  upward  curvature.  Under  most  conditions,  the  propane/air  flame  extinguished 
in  the  central  region  of  the  flame  between  the  two  tubes,  forming  an  annular  flame  in  the  shape  of 
a  funnel  with  the  small  end  of  the  funnel  attached  to  the  fuel  inlet  tube.  Complete  extinction  was 
only  observed  in  the  propane/air  flame  with  the  bromine-  and  iodine-containing  agents  at 
concentrations  greater  than  0.8%.  This  transition  to  the  annular  flame  was  sometimes  observed  in 
the  methane/air  flame  with  high  concentrations  (>6%)  of  the  HFC-245  isomers.  Once  the  flame 
became  annular,  it  would  re-establish  itself  along  the  centerline  when  the  flow  rates  were  reduced 
to  about  1  liter/min  of  both  fuel  and  air  with  no  agent.  There  is  a  broad  region  of  bistability  where 
either  the  curved  disk  flame  or  the  annular  flame  can  be  maintained.  Our  interpretation  of  this 
phenomenon  is  that  the  transition  to  the  annular  flame  does  indeed  represent  extinction,  certainly 
along  the  centerline  where  the  strain  rate  is  defined  for  the  counterflow  flame.  The  plots  of  the 
extinction  flow  rate  as  a  function  of  agent  concentration  below  show  no  evidence  of  an  abrupt 
change  in  the  cases  where  the  extinction  behavior  changes  from  complete  extinction  to  formation 
of  the  annular  flame. 

In  the  tests  with  the  HFC-245  isomers,  particularly  in  high  agent  concentrations,  a 
secondary  flame  zone  was  observed  about  1  mm  on  the  air  side  of  the  principle  difftision  flame. 
This  appears  to  be  caused  by  the  agents  burning  as  a  premixed  flame  in  the  air.  Although  both 
HFC-245  isomers  are  considered  non-flammable  at  ambient  temperature  and  pressure,  the  heat 
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release  from  the  diffusion  flame  was  apparently  sufficient  to  support  their  premixed  combustion. 
The  secondary  flame  zone  was  most  pronounced  with  HFC-245ca,  which  is  much  less  effective  as 
an  agent  than  HFC-245cb. 

The  agents  HFC-227ea,  HFC-227ca,  HFC-227ca,  HFC-236fa,  HFC-236ea,  and  HFC- 
236cb  were  tested  in  a  cup  burner  apparatus  using  n-heptane  an  methanol  fuels.  The  apparatus 
and  methodology  are  described  in  detail  elsewhere  [2,3].  The  piston  flowmeter  was  used  to 
measure  the  agent  and  air  flows  after  each  extinction  measurement.  The  total  flow  rate  of  air  + 
agent  was  20  ±  1  liters/minute  for  all  measurements,  giving  a  flow  velocity  of  4. 1  ±  0.2  cm/s  past 
the  cup.  The  fuel  level  in  the  cup  was  kept  as  close  as  possible  to  the  top  of  the  cup  (within  0.5 
mm)  without  overflowing.  When  the  fuel  level  was  approximately  1.5  mm  below  the  cup  rim,  the 
flame  was  stabilized  on  the  rim,  leading  to  extinguishment  concentrations  which  were  increased  by 
about  5%  relative  to  that  obtained  with  the  liquid  level  close  to  the  rim. 


RESULTS 

Figures  1  and  2  show  the  extinction  mass  flow  rate  of  the  air  stream  (air  +  agent)  vs.  agent 
volume  concentration  in  air  for  methane  and  propane  fuels,  respectively.  Among  the  polyfluoro- 
propanes,  agent  extinction  curves  cluster  together  in  terms  of  number  of  CFj  groups,  particularly 
at  high  agent  concentrations.  The  agent  efficiency  does  not  correlate  significantly  with  any 
structural  feature  other  than  the  number  of  CFj  groups.  The  most  effective  fluoropropane  agents 
are  FC-218,  HFC-227ea,  and  HFC-236fa,  all  of  which  contain  two  CFj  groups.  The  four  agents 
(HFC-227ca,  HFC-236ea,  HFC-236cb,  and  HFC-245cb)  which  contain  only  one  CFj  group,  are 
all  substantially  less  effective.  For  these  agents,  it  takes  roughly  a  20-30%  greater  agent  flow  rate 
to  extinguish  a  flame  at  a  given  fuel/oxidizer  flow,  compared  to  the  agents  with  two  CFj  groups. 
HFC-245ca,  which  contains  no  CFj  groups,  is  a  very  poor  agent.  As  seen  in  the  Figures,  the 
extinction  flow  rate  actually  increases  up  to  an  agent  concentration  of  about  2%,  indicating  that 
this  compound  promotes  combustion  under  certain  conditions. 

Among  agents  with  the  same  number  of  CFj  groups,  compounds  with  higher  F:H  ratios 
tend  to  be  slightly  more  effective  agents,  particularly  at  low  concentrations.  FC-218  is  slightly 
more  effective  than  HFC-227ea  and  HFC-236fa.  Among  the  compounds  with  one  CF3  group, 
HFC-227ca  is  more  effective  than  HFC-236ea  and  HFC-236cb,  which  are  in  turn  more  effective 
than  HFC-245cb.  At  higher  agent  concentrations,  the  importance  of  the  F:H  ratio  diminishes. 

The  effect  is  in  any  case  quite  minor  compared  to  that  of  CFj  groups,  as  evidenced  by  the  fact  that 
HFC-236fa  is  a  more  effective  agent  than  HFC-227ca,  which  has  more  fluorine  atoms  but  fewer 
CFj  groups. 

Comparing  the  plots  for  the  methane/air  and  propane/air  flames,  we  see  that  the  shapes 
and  relative  positions  of  the  curves  for  the  different  agents  are  nearly  the  same  for  both  fuels.  This 
observation  is  somewhat  different  than  the  comparison  between  CF4  and  CHFj.  In  that  study  it 
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Fig.  1:  Extinction  flow  rate  vs.  agent  concentration  in  methane/air  counterflow  flame. 
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Fig.  2:  Extinction  flow  rate  vs.  agent  concentration  in  propane/air  counterflow  flame. 
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was  found  that  CHF3  had  a  higher  relative  suppression  effectiveness  compared  to  CF4  in  a 
propane  flame  than  in  a  methane  flame. 

The  uninhibited  propane/air  flame  had  a  higher  extinction  flow  rate  than  the  uninhibited 
methane/air  flame.  The  extinction  flow  rate  for  the  propane/air  flame,  however,  decreased  more 
rapidly  upon  addition  of  the  agent.  The  concentration  of  agent  required  for  a  50%  reduction  of 
the  extinction  flow  rate  was  less  in  propane/air  than  methane/air  for  all  agents  tested.  This  may  be 
a  consequence  of  the  lower  hydrogenxarbon  ratio  of  propane  compared  to  methane  [5].  For  both 
fiiels,  the  concentration  of  the  agents  with  one  CF3  group  required  for  a  50%  reduction  in 
extinction  flow  rate  was  some  30%  higher  than  for  agents  with  two  CF3  groups.  About  90% 
more  HFC-245ca  was  required  for  a  50%  reduction  in  extinction  flow  rate  than  was  required  for 
the  fluoropropanes  with  two  CFj  groups. 

Among  the  agents  tested  in  the  propane  flame  which  contain  bromine  or  iodine,  the 
presence  or  absence  of  a  CF3  group  also  significantly  influences  suppression.  CF3Br  is  a  slightly 
more  effective  agent  than  CF3I,  indicating  that  bromine  has  slightly  more  efficient  catalytic 
activity  than  iodine.  CHFjBr  is  much  less  efficient  than  CFjBr,  indicating  that  the  CF3  group  in 
Halon  1301  makes  a  substantial  contribution  to  the  agent’s  chemical  suppression.  CFjClBr  is  also 
slightly  less  effective  than  CF3Br,  even  though  chlorine  is  itself  a  catalytic  agent  (albeit  much  less 
efficient  than  bromine),  and  therefore,  in  general,  one  chlorine  atom  should  contribute  more  to 
suppression  than  one  fluorine  atom.  This  comparison  highlights  the  importance  of  CF3. 

The  results  obtained  in  the  cup  burner  for  HFC-227ea,  HFC-227ca,  HFC-236fa,  HFC- 
236ea,  and  HFC-236cb  (Table  B)  with  n-heptane  show  the  same  trend  as  the  counterflow  data. 
HFC-236fa  appears  to  be  slightly  more  effective  than  HFC-227ea;  both  are  much  better  than  the 
HFC-227  and  HFC-236  isomers  which  have  only  one  CF3  group.  The  extinction  concentration 
for  HFC-227ea  is  slightly  less  than  the  previously  reported  value  [6]  of  6.6%. 

Table  H:  Cup  Burner  Data  for  HFC  Agents  using  n-Heptane  Fuel 


Agent 

Number  of 
Measurements 

Extinguishing  Concentration 
(vol.  %  in  air) 

Standard  Deviation 
(vol.  %  in  air) 

HFC-227ea 

10 

6.4 

0.1 

HFC-227ca 

5 

6.9 

0.1 

HFC-236fa 

7 

6.1 

0.1 

HFC-236ea 

7 

7.2 

0.2 

HFC-236cb 

4 

7.4 

0.1 
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For  the  three  agents  tested  in  the  cup  burner  with  methanol  fuel,  extinction  concentrations 
were  significantly  higher  than  with  n-heptane.  The  relative  ranking  of  the  agents  was  the  same; 
HFC-236ea,  with  one  CFj  group,  was  less  efficient  than  both  HFC-227ea  and  HFC-236fa,  with 
two  CF3  groups.  One  difference  noted  between  the  two  fuels  is  that  there  appears  to  be  a  larger 
difference  in  effectiveness  between  HFC-236fa  and  HFC-227ea  with  methanol  (0.9%)  than  with 
n-heptane  (0.3%).  The  reason  for  this  trend  is  not  clear;  the  difference  in  the  relative  extinguish¬ 
ment  concentrations  is  slightly  outside  the  uncertainties  in  the  measurements. 

Table  ni:  Cup  Burner  Data  for  HFC  Agents  using  Methanol  Fuel 


Agent 

Number  of 
Measurements 

Extinguishing  Concentration 
(vol.  %  in  air) 

Standard  Deviation 
(vol.  %  in  air) 

HFC-227ea 

6 

8.9 

0.1 

HFC-236fa 

6 

8.0 

0.2 

HFC-236ea 

6 

9.9 

0.2 

The  extinction  flow  rate  plots  taken  in  the  counterflow  burner  for  the  agents  which  contain 
Br  or  I  show  a  pronounced  upward  concave  curvature,  whereas  in  the  plots  for  the  hydrofluoro¬ 
carbons  (particularly  those  with  two  CF3  groups),  the  extinction  flow  rates  decrease  almost 
linearly  with  agent  concentration.  In  cup  burner  extinction  studies  performed  with  mixtures  of 
different  agents,  it  is  found  that  when  a  chemical  catalytic  agent  such  as  CF3Br  is  mixed  with  a 
purely  physical  agent  such  as  CF4  or  SF^,  there  is  a  nonlinear  additivity  of  the  two  agents’  effects 
[7-9].  A  small  amount  of  a  catalytic  agent  has  a  disproportionate  effect  on  flame  extinction.  This 
nonlinearity  has  been  interpreted  as  being  due  to  saturation  of  the  catalytic  effect  (chain  recom¬ 
bination  of  radicals)  as  the  amount  of  agent  increases,  and  taken  as  a  signature  of  chemical 
catalytic  inhibition  [9]. 

The  shape  of  the  plots  in  Fig.  2  for  the  agents  containing  Br  or  I  indicate  that  the  inhibition 
efficiency  is  concentration  dependent.  The  counterflow  data  appear  to  manifest  the  catalytic 
saturation  phenomenon  observed  in  the  cup  burner  studies,  although  this  interpretation  may  need 
to  be  refined  if  the  temperature  profiles  near  extinction  are  markedly  different  in  the  inhibited  and 
uninhibited  flames.  The  extinction  plots  for  the  HFC  agents  with  one  or  no  CF3  groups  show  an 
upward-convex  curvature,  particularly  at  small  loadings.  It  is  tempting  to  invoke  a  promoting 
effect  (production  of  radicals)  for  these  agents,  although  their  combustion  chemistry  is  undoubt¬ 
edly  much  more  complicated  than  the  single  catalytic  cycle  responsible  for  the  inhibition  effect  of 
bromine  and  iodine.  If  a  cup  burner  study  using  a  mixture  of  HFC-245ca  and  SFg  were  to  show 
that  the  mixture  was  less  effective  than  the  sum  of  its  constituents,  this  would  be  evidence  for 
such  a  promoting  effect. 
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DISCUSSION 


Both  the  counterflow  and  cup  burner  extinction  data  highlight  the  effect  of  CFj  groups, 
among  bromine  and  iodine  containing  agents  as  well  as  HFCs.  This  finding  is  consistent  with  the 
previous  analysis  performed  in  our  laboratory  which  attributed  25%  of  the  inhibition  effectiveness 
of  Halon  1301  to  the  chemical  inhibition  by  CFj  [2],  Workers  at  New  Mexico  Engineering 
Research  Institute  (NMERI)  have  performed  cup  burner  measurements  on  three  sets  of  HFC 
isomers  [10]:  HFC-227ea  and  HFC-227ca,  HFC-236fa  and  HFC-236ea,  and  HFC-134 
(CHFjCHFj)  and  HFC- 134a  (CFjCHjF).  In  all  cases,  the  isomer  with  the  larger  number  of  CF, 
groups  gave  a  lower  value  for  the  extinction  concentration.  The  cup  burner  data,  both  fi'om  NRL 
and  elsewhere,  are  consistent  with  the  counterflow  data  regarding  the  effect  of  CF3  groups. 

Brabson,  et  al.  [11]  recently  investigated  chemical  inhibition  due  to  CFj  groups  by 
comparing  the  effects  of  CHF3  and  CF4  added  to  premixed  methane/air  flames.  The  study 
concluded  that  once  the  effect  of  CHF3  on  the  equivalence  ratio  was  taken  into  account,  the  two 
agents  exhibited  essentially  the  same  behavior,  indicating  that  the  chemical  suppression  by  CHF3  is 
minor.  CF4has  little  or  no  chemical  suppression  because  very  little  of  it  decomposes  in  most 
flame  environments.  Previous  data  in  our  counterflow  burner  [5]  indicates  that  CHF3  and  CF4  do 
indeed  have  similar  extinction  characteristics  in  methane/air  flames,  but  that  CHF3  has  signifi¬ 
cantly  greater  effectiveness  than  CF4  in  propane/air  flames.  NRL  cup  burner  measurements  using 
n-heptane  also  show  CHF3  to  be  more  effective  than  CF4  [3,12];  these  data  indicate  a  significant 
chemical  contribution  to  CHF3  suppression  in  both  propane  and  heptane  flames,  which  is 
apparently  lacking  in  methane.  In  contrast,  all  of  the  fluoropropanes  have  the  same  relative 
effectiveness  for  both  propane  and  methane  fuels  (note  that  none  of  them  is  a  purely  physical 
agent  as  is  CF4).  It  is  not  clear  why  CHF3  seems  to  have  little  net  chemical  suppression  in 
methane  flames.  Since  the  H:C  ratio  in  methane  is  much  higher  than  for  most  other  fuels,  the 
methane  flame  may  produce  more  atomic  hydrogen  and  therefore  be  more  difficult  to  chemically 
suppress.  CHF3  may  also  be  a  relatively  ineffective  chemical  agent  due  to  its  high  stability.  Since 
the  C-H  bond  in  CHF3  is  much  stronger  than  the  C-C  bonds  in  the  fluorinated  propanes,  the  CF3 
radical  may  not  be  formed  from  trifluoromethane  in  low  temperature  regions  of  the  flame,  which 
may  diminish  chemical  suppression. 

The  larger  question  is  why  CF3  groups  are  so  important  in  suppression.  Since  CF3  groups 
have  a  uniform  effect  in  suppression  among  all  the  fluoropropanes  studied,  it  is  almost  certain  that 
CF3  is  evolved  as  a  radical  species  in  the  breakdown  of  all  these  compounds.  One  anomalous 
feature  of  the  CF3  radical  is  that  it  has  a  relatively  low  dissociation  energy.  While  C-F  bonds  in 
most  compounds  have  dissociation  energies  in  the  range  of  120-130  kcal/mole,  the  dissociation 
energy  of  CFj  is  only  about  80  kcal/mole  [13].  This  characteristic  may  be  important  in  chemical 
suppression,  since  it  means  that  one  F  atom  is  easily  available  to  scavenge  a  hydrogen  atom. 
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Another  possibility  which  has  been  suggested  [14]  is  that  there  may  be  a  catalytic  cycle 
involving  CF3  and  CHF3: 

CF3  +  H  +  M- CHF3  +  M,  (2) 

or 

CF3  +  HO2  -  CHF3  +  O2;  (3) 

followed  by: 

CHF3  +  H-CF3  +  H2,  (4) 

or 

CHF3  +  OH  -  CF3  +  H2O.  (5) 

The  net  effect  is  to  recombine  two  radicals.  In  ref  [1 1],  the  authors  discounted  this  possibility 
based  on  the  observed  lack  of  chemical  effect  of  CHF3  on  the  propagation  speed  of  premixed 
methane  flames.  It  may  be  the  case,  however,  that  the  inhibition  mechanism  is  different  in  non- 
premixed  flames.  The  catalytic  cycle,  while  speculative,  cannot  be  discounted. 

The  present  data  do  not,  unfortunately,  provide  a  definitive  explanation  for  the  effective¬ 
ness  of  CF3.  Studies  in  a  variety  of  flame  environments  will  be  needed  to  answer  this  question, 
particularly  comparisons  between  premixed  and  non-premixed  flames  as  well  as  studies  over  a 
range  of  pressures,  since  reactions  (2)  and  (3)  are  more  likely  to  be  favored  at  higher  pressures. 
Validated  kinetic  models  for  fluoropropane  flame  chemistry  would  shed  light  on  the  source  of  the 
chemical  effect. 

Since  compounds  with  more  CF3  groups  tend  to  have  higher  suppression  effectiveness,  the 
question  arises  whether  an  agent  can  be  designed  which  has  three  or  more  CF3  groups.  There  are 
several  difflculties  in  accomplishing  this  goal.  To  be  a  viable  total  flooding  agent,  a  compound 
must  have  a  boiling  point  below  room  temperature.  Most  fluoropropanes  and  some  fluorobutanes 
meet  this  goal,  but  fluorinated  pentanes  and  higher  hydrocarbons  do  not.  The  fluorobutanes 
which  contain  three  CF3  groups  are  perfluoroisobutane,  CF(CF3)3,  and  2-(trifluoromethyl)- 
1,1,1,3,3,3-hexafluoropropane,  CH(CF3)3.  Both  of  these  compounds  have  acceptably  low  boiling 
points,  but  are  problematic  for  other  reasons.  Perfluoroisobutane  will  probably  have  a  very  long 
atmospheric  lifetime  and  hence  a  high  global  warming  potential  since  it  is  perfluorinated  and 
therefore  not  subject  to  OH  radical  attack  in  the  troposphere.  For  this  reason  its  use  is  likely  to 
be  severely  restricted,  as  are  other  perfluorocarbons.  It  may,  however,  be  a  superior  agent  to 
perfluoro-n-butane,  which  is  used  in  applications  where  very  low  agent  toxicity  is  required. 

CH(CF3)3  is  unlikely  to  be  a  viable  agent  because  it  may  tend  to  form  perfluoroiso- 
butylene,  CF2=C(CF3)2  in  the  course  of  its  reaction  in  a  flame  environment.  Perfluoroisobutylene 
is  highly  toxic  and  therefore  use  of  CH(CF3)3  would  probably  pose  an  unacceptable  risk  to 
personnel.  In  fact  CH(CF3)3  is  itself  listed  as  being  toxic,  although  this  may  result  from  an 
impurity  of  perfluoroisobutylene  produced  in  its  synthesis.  Perfluoroisobutane  does  not  share  this 
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drawback,  since  its  most  likely  decomposition  pathway  involves  breaking  of  a  C-C  bond,  which 
precludes  the  formation  of  perfluoroisobutylene. 

Among  hydrofluorocarbons,  there  does  not  appear  to  be  an  agent  with  three  CF3  groups 
that  will  be  acceptable  in  terms  of  environmental  impact  and  toxicity.  However,  tris(trifluoro- 
methyl)amine,  N(CF3)3,  may  be  an  attractive  candidate.  Due  to  its  structure,  it  cannot  possibly 
form  perfluoroisobutylene,  and  its  toxicity  is  likely  to  be  low,  since  perfluorinated  amines,  unlike 
their  hydrocarbon  counterparts,  are  not  bases.  Flame  inhibition  studies  with  fluorinated  amines 
(although  not  this  particular  compound)  indicates  that  they  are  less  efficient  than  Halon  1301,  but 
are  significantly  better  than  HFC-227ea  [14].  It  has  been  suggested  that  fluorinated  amines  may 
be  more  efficient  agents  than  their  fluorocarbon  counterparts  due  to  the  relative  weakness  of  the 
C-N  bond,  leading  to  formation  of  CF3  radicals  in  lower  temperature  regions  of  the  flame  [14]. 

The  atmospheric  lifetime  of  N(CF3)3  is  one  major  issue  which  needs  to  be  addressed 
before  this  compound  can  be  considered  as  a  firefighting  agent.  Since  tris(trifluoromethyl)amine 
is  non-polar  and  has  no  hydrogen  atoms,  it  is  unlikely  to  be  subject  to  radical  attack  in  the 
troposphere.  However,  N(CH3)3  absorbs  ultraviolet  radiation  in  the  same  wavelength  range  as 
do  CFCs  [15].  If  the  absorption  region  is  not  greatly  different  for  the  fluorinated  analog, 
breakdown  by  ultraviolet  radiation  might  be  the  dominant  removal  process,  giving  a  lifetime  on 
the  same  order  as  that  of  CFCs:  50-100  years.  The  lifetime  of  fluorinated  amines  will  almost 
certainly  be  much  less  than  that  of  perfluorocarbons,  but  a  more  precise  determination  will  require 
a  detmled  investigation  of  their  photochemistry,  as  well  as  consideration  of  other  possible  removal 
mechanisms. 


CONCLUSIONS 

The  most  important  observation  in  the  present  study  is  that  among  polyfluoropropanes, 
the  presence  of  CF3  groups  is  the  dominant  factor  in  determining  a  compound’s  fire  suppression 
effectiveness.  In  contrast,  the  overall  F:H  ratio  in  the  agent  has  relatively  little  effect  on  the 
agent’s  suppression  characteristics,  at  least  among  compounds  with  an  F:H  ratio  greater  than 
unity.  HFC-227ea  ranks  with  FC-218  and  HFC-236fa  (all  with  two  CF3  groups)  as  the  most 
effective  fluoropropanes.  Of  these  three  compounds,  FC-218  is  slightly  more  effective  than  the 
other  two  compounds  (on  a  molar  basis)  but  has  a  very  long  atmospheric  lifetime  and  conse¬ 
quently  a  high  global  warming  potential.  HFC-227ea  and  HFC-236fa  are  essentially  equal  in 
effectiveness.  HFC-227ea  has  a  shorter  atmospheric  lifetime  and  lower  boiling  point  than  HFC- 
236fa,  so  it  is  likely  to  be  preferable  in  terms  of  environmental  impact  and  also  discharge 
characteristics  in  a  total  flooding  scenario.  Among  the  compounds  examined,  the  Navy’s 
selection  of  HFC-227ea  for  the  LPD-17  class  of  ships  is  supported  by  the  results  of  this  study. 
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